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Introduction

In much of the discussion of the effects of aerodynamic heating,
attention has been focused on the reduction of the strength of mate-
rials as the temperature increases and on the probability of local
melting when the skin temperature reaches the melting temperature.
We now realize that long before a skin temperature is reached at
which these effects occur, aerodynamic heating will give rise to seri-
ous structural problems. -

One of the early experiments conducted by the NACA was de-
signed to check the temperature distribution through the structure at
various times during and following a rapid acceleration of airflow to
Mach Number 2. An aluminum alloy wing specimen of multiweb con-
struction was placed at zero angle of attack in an airstream having a
stagnation temperature of 500°F and sea level static pressure. The
unexpected result can best be shown by a short motion picfure.

The first part of the motion picture shows the entire test, and
was taken at five times the speed of projection. The flow ‘s from
left to right and the oscillations observed are produced by tne starting
shock wave. As soon as steady flow at Mach Number 2 is established,
the oscillations disappear and the wing comes to rest. The wing is
being subjected to aerodynamic heating by the air stream but at first
shows no sign of distress. The first indication of trouble appears at
the upper right-hand corner.

The second part of the picture shows a high-speed shot taken at
25 time”s projection speed. This shows clearly the chordwise “flag
waving type of flutter that preceded failure of the wing.

In order to be sure that the catastrophic flutter undergone by the
specimen in this first test was indeed precipitated by aerodynamic
heating, the test was repeated in a jet of the same Jfach number, but
having a stagnation temperature of only 100°F; in this test no flutter
was observed and the model remained entirely unharmed.



From this and other experiments and theoretical analyses it
seems clecr that an important ofiect or aerodynamic heating is an
interaction beiween the heating, the structural stiffness, and the air
forces. It :s well known that during the last decade aerocelasticity has
assumed a major role in the design of high speed aircraft. Increased
flight speeds have raised the magnitudes of the aerodynamic forces
available for the excitation of aeroelastic phenomena; on the other = =
the provision of adequate structural stiffness to prevent unde: - 1=
aeroelastic behavior has been subject to the limitations inher. = n .
thin wing profiles and slender bodies needed for high-speed fiigut. In
addition to the more familiar static and dynamic ~eroelastic problems,
such as aileron reversal and bording-torsion fluitcr, new types of
aeroelastic phenomena have arisen. The introduction of low aspect
ratio planforms, as in delta wings, has been accompanied by the possi-
bility of aeroelastic behavior associated with chordwise distortions.
Also, local flutter of thin skin panels has been recognized as 2 poten-
tial threat, particularly at supersonic speeds.

All of these aeroelastic phenomena are modified by aerodynamaic
heating, to the first order by the effects of the heating on the structural
and aerodynamic parameters, but we cannot ignore the possibility under
severe conditions of coupling between the resultant structural deforma-
tions and the heating. = This paper is concerned primarily with the first
order effects on the structural parameters.

Effects of Aerodynamic Heating on Structural Stiffness

In all aeroelastic problems there is an interaction between aero-
dynamic and elastic forces--the aerodynamic forces tending to distort
the structure, while the elastic forces tend to resist distortion. In ad-
dition, inertial and damping forces are involved in dynamic aercelasticity.
The principal first order influence of aerodynamic heating in aeroelas-
ticity is presumed to reside in its effect on the elastic forces that enter
into the aeroelastic force balance. A reduction in the magnitude of the
elastic forces available to resist distortion -- or, in other words, a
reduction in structural stiffness -- could lead to increased suscepti-
bility to aerocelastic difficulties. We must seek, therefore, to discover
the ways in which the effective stiffnesses of aircraft structural compo-
nents can be affected by aerodynamic heating and thence to examine the
extent to which the altered stiffnesses might influence aeroelastic
behavior.



Reduced elastic moduli. - The first, and most obvious, consid-
eration that presents itself is that of the effect of elevated temperatures
on the elastic moduli of aircraft structural materials. In Figure 1
are shown the variations with temperature of the moduli of elasticily
of four materials that may find application in various elevated temper-
ature ranges - an aluminum alloy (7075-T6), titanium alloy (RC130B),
a stainless steel (Stainless W), and Inconel X. For reference, an
auxiliary abscissa is given, indicating the Mach numbers at which the
corresponding temperatures could be attained through aerodynamic
heating during sustained flight in the stratosphere. As can be seen,
the elastic modulus of each material exhibits a drop with increasing
temperatures. Although such decreases in structural stiffness influ-
ence all aeroelastic phenomena, they nevertheless present no great
problem to the aeroelastician; his aeroelastic analyses must simply -
be based on the value of elastic modulus appropriate to the temperature
of concern.

Local buckling and panel flutter. - But the losses in stiffness due
to change in elastic modulus are associated with only one consequence
of aerodynamic heating, namely, a simple rise in temperature. Of gen-
erally greater significance are the losses in effective stiffness that
result from transient thermal gradients in the aircraft structures, and
the thermal stresses they produce. Figure 2 shows in a qualitative
fashion the temperatures and stresses that might develop with time in
a multiweb wing as a result of accelerated flight to supersonic speeds.
The upper chart shows plots of temperature versus time for a point
““A” on the cover of the wing and for a point ‘B’ on the web in the in-
terior of the structure. The interior temperature may lag substan-
tially behind the temperature of the outer skin which is being heated
directly by heat transfer from the boundary layer. Eventually, if flight
at a given Mach number is sustained, all points in both the web and the
covers would reach essentially the same temperature; but in the tran-
sient range shown here the differences in temperature between webs
and cover give rise tothermal stresses in the spanwise direction. As
shown by the lower chart of thermal stress against time, compressive
stress develops in the covers while tensile stress is produced in the
webs. These stresses arise simply as a result of the fact that the
heated covers wish to expand longitudinally but tend to be constrained
from doing so by the relatively cool webs; since the thermal stresses
must, of necessity, be self equilibrating, there is no net thrust over the
cross section.




It is entirely possible for the compressive stresses in the ccover
to buckle the cover skm between webs 1f the stresses become suffi-

local panel flutter i supersomc flight. Theo*‘etlcal studies have in
dicated that a buckled panel is more susceptible to panel flutter than a
non-buckled panel, as is shown in Figure 3.

This figure shows theoretical estimates of the thickness to length
ratio required to prevent flutter of steel panels at 50,000 feet altitude;
the panels are assumed to be very wide in the direction normal to the
air flow. The lower curve is for a panel that is unstressed by forces
in its plane; the upper curve shows the higher thicknesses needed to
prevent flutter of a panel that has been buckled by cc:apressive forces.
In addition, it can be stated that a compressive force of a magnitude
that is not sufficient to buckle the panel would still make the panel more
susceptible to fiutter than if it were entirely unstressed; thus, the criti-
cal thickness ratios for compressed but non-buckled panels may be ~x-
pected to lie between the two curves shown.

The increased susceptibility to flutter of panels due to -~ 7.
stress may be explained in terms of a local Y'eductlon of the eweciive
stiffness of the panel against lateral deflectlon v em it is subjected to
compressive stresses in ifs D une. Cnce a panel hes been buckled,
whether by thermal stress or by apnl:ed loads (or by a combination of
the two) there results in addition an over-all reduction of stiffness of
the wing as a whole. Such over-all reductions of stiffness are due to
the fact that the center portions of buckled panels do not car.y their
full share of externally applied loads, and this kind of acticm nas long
been familiar to designers dealing with ordinary static analysis oI
wings with buckled skin elements.” But, as we shall discuss next,
losses of over-all stiffness can be caused by thermal stress without
the occurrence of local buckling.

Reduced over-all stiffness resulting from chordwise temperature
gradients. - Such over-all stiffness losses are produced in thin wings
by certain variations of load alongthe chord that occur as a result of
transient heating conditions. Figure 4 illustrates such a thermal
loading for the case of a solid wing of diamond cross section. If we
assume, for simplicity, that the coefficient of heat transfer from the
boundary layer to the wing is constant along the chord, that the temper-
ature is constant through the thicknesses, and that heat conduction along
the chord may be neglected, then the distribution of temperature along
.the chord would be as shown by the top chart at some instant during the
transient heating stage. Such a temperature distribution is a consequence




of the fact that it naturally axes longer for the massive center of the
caord to neat up than the re:at’vely trnia leading and t ailing edges.
Then, because the hotrer porticas of the cross section wish to expar.a
i the spanw.ss direction but are consirzized from doing so by th
Jooler midchord region, compressive stresses are produced r ear the
leading and *"a‘lw;g edges while tension arises around the mﬁcl’;or"
The thermally induced spanwise load per unit chord then varies ol
the chord in the fashion shown by the lower diagram. The -
icad on the cross sectiorn rmust, of course, vaunish; but this k. S|
distribution - - compression rear the ends cf t"le cross section w.oG nen-
sion around the middie -~ 2ifec s the over-all w' 7 torsional stiffness
in the manner illustraicd b 0 - concoptual raod ' ghown in T Figure 5.

A rigid cress~bar is attached 10 one end of a torgue tube that is
fixed at the other end. In addition the cross-bar is joined to the foun-
dation by means of a hinged bar attached at each end. Le! uc assume
now that the end rods get hot while the torque tube remains rv...“*,*vely
cool; then, because of the constraining action of the rigid cross~bar
compressive forces develop in the rods while a tensile force, pume*
ically equal to the sum of {hese compressive forces, is produced in
the tube. If we now subject the torque tube to an externally applied
torque as shown by the arrow, the cross-bar rotates as indicated.

But we note now that the end rods are inclined to their original posi-
tions, and remembering that they contain compressive forces, we see
that components of each of these forces act to produce a couple on the
cross~bar. Consequertly, t ne torque tube is subjected to nct only the
externally applied torque but in addition to an extra torque arising from
the compressive stresses in ine end rods. As a result the twist of
this idealized wing model is larger than it would be if compressive
stresses in the rods had been absent. In other words, because of the
thermal compressive stresses at the ends of the cross section the
effective torsional stiffness of the structure has been lowered. In

an entirely analogous fashion, the solid wing previously discussed,
loaded longitudinally by thermally induced compressive forces near
the leading and trailing edges, would lose some of its torsional stiff-
ness.

Examination of this problem as it applies to several types of con-
struction, including hollow wings and wings with mul*ipl‘e webs, indi-
cates that the behavior described for the solid wing is *rue in general.
Furthermore, the effect of chordwise variation in the heat transfer
coefficient can be shown gualitatively to aggravate the situation.



The quantitative magnitude of the loss of torsional stiffness can
be calculated, and Figure 8 shows some results for each of the three
types of wing cross-section. Each wing is assumed to be made of
steel, is supposed to have a thickness to chord ratio of 3 percent, and
is imagined to undergo, at an altitude of 50,000 feet, the idealized flight
history shown in the upper sketch. That is, the wing is cruising at
Mach number .75 and at time zero is instantaneously accelerated to
Mach Number 3; the abscissa is a parameter proportional to time.

The thermal stresses in the hollow wing are due only to the chordwise
variation of the coefficient of heat transfer from a turbulent boundary
layer; for the multiweb and solid wings, this variation is neglected, as
before, and the heat transfer coefficient at the midchord due to a turbu-
lent boundary layer is arbitrarily assumed to apply all along the chord.
The lower chart shows the losses of torsional stiffness calculated on
the basis of the various simplifying assumptions made for each wing.
The ordinate is the effective torsional stiffness, G]eﬁ, divided by the

original GJ, and the abscissa is, again, proportional to time. It is

seen that while the hollow wing experiences only a moderate loss of tor-
sional stiffness (as a result of the chordwise variation of heat transfer
coefficient) just the chordwise mass variation of the solid wing leads

to a loss of 75 percent of its original torsional stiffness. The calcula-
tions for the multiweb wing, made on the basis of a web-to-cover area
ratio of .35, also show a substantial loss of stiffness. The maximum
effects in the multiweb wing have not been calculated since the idealized
assumptions made - namely, one temperature in the covers and another
in the webs --are useful only near the beginning of the transient condi-
tions. The curve for the multiweb wing would actually reach a mini-
mum as did the others. After a long enough time, when all transients
have disappeared and the wings are at a uniform temperature, their
torsional stiffnesses would regain their original values (ignoring the
reduction of the shear modulus G due to elevated temperatures).

The idealized flight history shown in Figure 6 is admittedly un-
realistic and was chosen for convenience. However, similar calcula-
tions have been made for the case of the solid wing with the more
realistic flight histories shown in Figure 7. To make the example
more specific the solid wing has been assumed to have a chord of 36
inches and the variation with time in minutes of G]eﬁ/ GJ has been cal-

culated for the three flight histories shown: infinite acceleration from
Mach .75 to Mach 3, an aeceleration of approximately lg up to Mach 3,
and an acceleration of approximately 1/2g. As can be seen from the
results, the maximum losses of stiffness during each of these flights
occur at different times, but their magnitudes are very nearly the same.



Consequently one may have a certain degree of confidence in the gen-
eral magnitude of the stiffness effects calculated on the basis of an
idealized flight history consisting of the instantaneous change from
one Mach number to another.

Some Effects of Aerodynamic Heating
on Aileron-Reversal and Flutter

Let us now consider the effect of such losses of torsional stiff-
ness on a particular aeroelastic problem, the aileron effectiveness of
such a wing of solid cross-section (Figure 8). We assume here that
the wing has a rectangular plan form of aspect ratio 3 and is provided
with a full span aileron whose width is 20 percent of the chord. If the
wing undergoes the flight history designated by the curve ‘A’ --that
is, a sudden change from Mach .75 to Mach 3 --the resultant history
of rolling effectiveness is that shown by the curve labeled ‘A’ in the
lower chart. The ordinate is the rolling rate per unit aileron deflec-
tion divided by the same quantity for a rigid wing. The results show
that about two minutes after the sudden attainment of Mach 3 more
than half of the rolling effectiveness of the aileron would be lost. Event-
ually, when steady state temperatures are achieved, the effectiveness
would return to the value it had at Mach 3 before the onset of thermal
stresses. If, as shown by case ‘‘B,”” the wing were accelerated to
Mach 3.5, all of the aileron effectiveness would be lost in less than a
minute; in other words, the aircraft would suffer aileron reversal.
The controls would remain reversed for 2-1/2 minutes, after which
time effectiveness would gradually return.

A final example, illustrative of the aeroelastic effects of loss of
torsional stiffness, may be of interest. We note first in Figure 9 the
losses of torsional stiffness which would be experienced by a steel
multiweb wing having many closely spaced webs with a ratio of web
area to cover area of .35 and a skin thickness of 1/10 of an inch.
The lower part of the slide shows the stiffness losses endured by the
wing when it is subjected to the flight histories ““A’’ and ‘B’ shown
above ~- instantaneous acceleration from Mach .75 to Mach 3 and 4
respectively. The substantial losses experienced soon after accelera-
tion to Mach 4 can lead to the consequences shown in Figure 10. If
we consider the wing to have a rectangular planform with an aspect
ratio of 3, and take into account the losses of torsional stiffness in-
curred by acceleration to Mach 4, a theoretical analysis of bending-
torsion flutter yields the time variation of flutter speed given by the
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Figure 10.- An exzaple of the effect . ¢orodynaemic heating on wing flutter.



